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ABSTRACT

Chemical inhibition of laminar propane flames by organophosphorus compounds has been
studied experimentally, using a laboratory Mache Hebra nozzle burner and a flat flame burner
with molecular beam mass spectrometry (MBMS), and with a computational flame model using
a detailed chemical kinetic reaction mechanism. Both fuel-lean and fuel-rich propane flames
were studied to examine the role of equivalence ratio in flame inhibition. The experiments
examined a wide variety of organophosphorus compounds. We report on the experimental
species flame profiles for tri-methyl phosphate (TMP) and compare them with the species flame
profile results from modeling of TMP and di-methyl methyl phosphonate (DMMP). Both the
experiments and kinetic modeling support and illustrate previous experimental studies in both
premixed and non-premixed flames that inhibition efficiency is effectively the same for all of the
organophosphorus compounds examined, independent of the molecular structure of the initial

inhibitor molecule. The chemical inhibition is due to reactions involving the small P-bearing

species HOPO» and HOPO that are produced by the organophosphorus compounds (OPCs). The
ratios of the HOPO» and HOPO concentrations differ between the lean and rich flames, with
HOPO7 dominant in lean flames while HOPO dominates in rich flames. The resulting HOPO7

and HOPO species profiles do not depend significantly on the initial source of the HOPO7 and

HOPO and thus are relatively insensitive to the initial OPC inhibitor. A more generalized form
of the original Twarowski mechanism for hydrocarbon radical recombination is developed to
account for the results observed, and new theoretical values have been determined for heats of

formation of the important P-containing species, using the BAC-G2 method.

Keywords: Phosphorus, inhibition, premixed flames, thermochemistry, modeling



Introduction

For many years, halogenated hydrocarbons, especially CF3Br, were used as the preferred

means of fire suppression, until their role in atmospheric ozone depletion ended their
manufacture with the 1990 Montreal Protocol. The search for effective replacements has led to a

family of organophosphorus compounds (OPCs) which have shown considerable promise as

flame inhibitors [1]. Early work of Twarowski [2-4] showed that phosphine (PH3) accelerated

radical recombination in hydrogen oxidation, and subsequent work by Korobeinichev et al.
began to explain how OPCs inhibited hydrogen flames [5,6] and hydrocarbon flames [7].

Chemically active flame inhibitors alter flame chemistry by catalytic recombination of
key flame radicals, especially H and O atoms and OH radicals. H atoms are particularly

important in flame propagation, since the principal chain branching reaction in hydrogen and

hydrocarbon flames is H + Op = OH + O. Fast elementary reactions interconnect these small

radical species, and removal of any of them through recombination reduces concentrations of all
of them correspondingly. Therefore, radical recombination leads to fewer H atoms in the

reaction zone, which leads to reduced chain branching and a lower burning velocity. This

applies to familiar halogenated suppressants such as HBr and CF3Br [8,9], sulfur compounds

such as SO [10,11], and OPCs such as dimethyl methylphosphonate (DMMP) and trimethyl

phosphate (TMP).



Twarowski [2-4] established that catalytic recombination of radicals by phosphine (PH3)

is accomplished by reactions of small P-containing species produced from the additive,

particularly
H+ POy +M -> HOPO + M (1a)
HOPO + H - Hy + PO» (1b)
OH+POy (+M) > HOPOy (+M) (2a)
H+HOPO; - HpO + POy (2b)

which consume highly reactive H atoms and OH radicals to produce stable H» and H>O. In

most kinetic modeling studies of inhibition by OPC additives, an additional reaction between

HOPO and OH to produce POy and water is also included. The same small species act in the

same general way with the introduction of other parent OPCs such as TMP, DMMP, and in
chemical warfare agents such as sarin [12], as a considerable number of recent studies have
reported [13-26].

Most investigations of flame inhibition by OPCs have been carried out in flames under
stoichiometric conditions or in static or flow reactors in which diffusional transport is not
important. The present study examines the effect of fuel/oxygen ratios on the chemical kinetics
of inhibition by OPCs in laminar flames and how that suppression may change for different
equivalence ratios and different OPCs. In lean hydrocarbon flames, OH radicals and O atoms

normally dominate the reacting radical pool while H atoms are most prevalent in rich conditions.



Thus, it is possible that different reaction cycles may be responsible for flame inhibition at
different equivalence ratios.
We therefore have investigated the flame inhibition kinetic pathways for both rich and

lean propane flames, using TMP and DMMP as flame inhibitors. A key aspect of this work is

the identification of the P-containing species (POxHy) involved in the proposed reaction

pathways (e.g., reactions 1 and 2 above). Past kinetic studies of flame inhibition by OPCs have

been limited by lack of reliable experimental data for POxHy species concentrations. For

example, Noguiera and Fisher [18] compared measured hydrocarbon species profiles from a

DMMP-doped CHgy/air, burner-stabilized, premixed flame to numerical model predictions.

Significant differences between the experimental and numerical results were observed, but the
errors could not be reduced since the P-containing species concentrations could not be measured.
The present work reports results from experimental studies of premixed laminar propane
flames carried out in the Novosibirsk laboratory of O. Korobeinichev. Spatial profiles of major
species concentrations were measured, including many of the important OPCs in the flames. The
equivalence ratios represent both fuel-lean and fuel-rich mixtures. A wide variety of OPC
inhibitors were employed. We focus on the experimental results for undoped propane flames

and the same flames doped with TMP. An existing chemical kinetic model was updated,

including new POxHy thermochemistry, to describe the experimental results and provide insights

into OPC-doped flame inhibition.



Experiments
Premixed laminar flames were stabilized on a flat Botha-Spolding flat-flame burner 16

mm in diameter at atmospheric pressure and slightly elevated unburned gas temperatures of

about 380K. Combustible C3Hg/Oy/Ar mixtures (lean, 0.025/0.136/0.839, @~ 0.9, and rich,

0.029/0.121/0.85, @~ 1.2) were prepared using mass flow controllers, with a total volumetric
flow rate of 1.5 slpm. TMP (1200 ppm) was added to the combustible mixtures using a saturator
with liquid TMP in a controlled temperature bath. Temperature profiles in the flames were

measured by Pt-Pt+10%Rh thermocouples welded from wire 0.02 mm in diameter, covered by a

thin layer of SiO» to prevent catalytic recombination of radicals on their surfaces. The resulting

thermocouple junction has a diameter of 0.03 mm and a shoulder length of about 3 mm,
providing negligible heat losses to the cold contacts. Further details of the thermocouple design
can be found elsewhere [5].

Chemical species profiles were measured by MBMS, using soft ionization by electron
impact reported previously [19]. Synchronous demodulation was applied to measure flame
species in low concentration up to 10 ppm with a mean square error not more than 50%, and
stable species with standard deviations not more than 10%. Quartz cones with inner angles of
40° and 45°, wall thickness of 0.05 mm and orifice diameter 0.05 — 0.09 mm were used as
probes. It was found that in these atmospheric experiments, the lifetime of the quartz probe is
limited by the formation of a solid film of pyrophosphoric acids, especially near the probe tip,
which alloys with heated quartz to form easily melted phosphate glass. Disturbance of the

flames by the probe has been taken into account [27].



In a separate set of experiments, the laminar burning velocity of premixed C3Hg/air

flames was measured using a Mache-Hebra nozzle burner [28] and the total area method from an
image of the flame [29]. The experimental technique is described in detail elsewhere [21]. To
evaluate the influence of heat loss from the flame to the burner on the measured values, the speed
of propane-air undoped flames of various stoichiometries was measured for Tp=298 K. The
obtained results of 41.7 cm/sec for a stoichiometric undoped flame agrees quite well with
experimental data measured by different techniques [30-32] and the computed value described

below, giving some validity to this technique for measurement of flame burning velocities.

Modeling Approach

The Chemkin Premix code [33] was used to compute the species profiles and reaction
fluxes for burner-stabilized and freely propagating laminar flames. Experimentally measured
temperatures were used as input for the burner-stabilized flames. A recently refined high
temperature propane oxidation mechanism [34] was used for the hydrocarbon species, with
updated thermodynamics parameters. At T=300 K, P=1 atm, this mechanism computes a
laminar burning velocity of 41.1 cm/sec, in good agreement with our own experimental values
above and other experimental studies. Further validation has been performed comparing the
mechanism with shock-tube studies [34].

Improvements in thermochemistry for the phosphorus compounds were made, using the
BAC-G2 method [35]. Results for enthalpies of formation of the small phosphorus species are
summarized in Table 1. Included in the table are values found previously using other quantum
chemical methods, including BAC-MP4 by Melius [36], G3X by Mackie et al. [37] and CBS by

Bauschlicher [38].



Our kinetic reaction mechanism is based on previous models [12,13,17,22,23] for
combustion inhibition with OPCs. The hydrocarbon reactions for each model differ slightly in
each case, and the reactions by which the initial OPC consumption occurs also differ slightly, but
all are based on the core reaction cycles identified originally by Twarowski.

The major change we have made is to refine the reaction kinetic pathway by which

HOPO7 can be converted to POy and H»O, clarifying the meaning of reaction 2b above. Like

many other apparently simple reactions, the overall reaction of H with HOPO actually proceeds

by a rather complex process that begins by adding the H atom to the HOPO> species, forming an

adduct in a metastable, excited energy state. From the point of view of theoretical chemical
kinetics, the reaction then proceeds on a potential energy surface with multiple local potential
energy “wells”, or local minima. Each such minimum defines a distinct metastable arrangement
of the species of the adduct formed by the reactants. A metastable species can be collisionally
stabilized, it can continue to rearrange itself in a number of possible ways, and it can complete

the overall reaction by breaking into final, relatively stable products. In the case of the reaction

of H with HOPO3, the H atom can add directly to the phosphorus atom in HOPO7 to form

HPO(OH)O, which can then undergo a 1,2-hydrogen shift to form PO(OH);, and then a four-

centered water elimination step to produce HpO and PO5. The initial addition step has no

activation energy barrier, while the hydrogen shift and water elimination have barrier heights of
about 1 kcal/mol above the reactants’ energy. This sequence of steps can be represented by the

reaction sequence



HOPO» +H « HPO(OH)O < PO(OH); = HyO + PO, 2b”)

in which some of the steps are reversible because they represent further rearrangements on the
potential energy surface. As part of the present study, we have calculated the highest energy
barrier between reactants and products of reaction 2b’ to be less than 2 kcal/mol. To our
knowledge, it has not previously been proposed as a viable reaction pathway for this reaction,
and since it has little or no activation barrier, it was found to be an important contributor to the
flame inhibition kinetics.

A different initial reaction step, in which the H atom adds directly to one of the O atoms

in HOPO2, results in PO(OH); , followed by the same four-center water elimination step to

produce H>O and PO». This sequence can be represented in the form

HOPO2 +H « PO(OH); = HpO + POy (2b”’)

The energy barrier to this reaction pathway has recently been computed by Mackie et al. [37] to

be approximately 12.2 kcal/mol.

If reactions 2b’ and 2b” were irreversible and went directly to their products HyO + PO> ,

then both could be written as single-step reactions, avoiding the complexity of writing the
multiple steps. The highest energy barrier in each sequence of steps would be the overall
activation energy, and the A-factor could then be determined either by comparison with
experiments or additional chemical theory. Twarowski and other early modeling studies reached
an equivalent approach by assuming from the begininning that this was an elementary reaction.
Twarowski assumed a rate expression of 2 x 1013 exp(-50 kJ/mol/RT) and found rates of radical

consumption that agreed quite well with observations. The 50 kJ/mol is equal to approximately



12 kcal/mol, remarkably close to the value derived theoretically by Mackie et al. Twarowski’s
value for this reaction rate was then used until the present, with minor modifications, although
Korobeinichev et al. [20] carried out some preliminary computations with a considerably lower
A-factor for this reaction, and then later [22] restored it to a value close to its present value in the
present model.

The present study has used a related approach in its implementation of the reaction of H

with HOPO,. We have included reaction 2b’ as a single step reaction producing HoO + PO7 but

using an energy barrier of zero to reflect the energetics of the reaction path leading through the

HPO(OH)O intermediate. We have also included reaction 2b”, but we have implemented it in

two steps, the first producing PO(OH), and the second step continuing to HoO + POy . We

have done this because it appears that the intermediate species PO(OH)> can react with radical

species on times scales comparable with its 4-center water elimination reaction. The reaction
rate of the first step of our reaction 2b” is very similar to that originally proposed by Twarowski,
but with an activation energy of 9 kcal/mol which was a result of our BAC-G2 thermochemical
calculations.

In a particularly elegant recent theoretical study, Mackie et al. [37] first introduced the

concept of reaction 2b proceeding through an intermediate activated complex and identified that

complex as PO(OH);, . Their goal was to identify possible reaction pathways for small P-

containing species that were more rapid than the simplified overall reaction steps. Our rate
expression for the reaction path identified by Mackie et al. agrees quite well with their

calculations. Our identification of another, even lower energy barrier pathway has provided
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another fast route for the second half of the catalytic inhibition cycle 2 and contributed
significantly to the computed results in the present study.

We must point out that it now appears that none of the other 3 reactions identified by
Twarowski, reactions 1a, 1b and 2a, are likely to proceed as elementary reactions and will
require considerable further theoretical study. Recently, Haworth et al. [39] presented theoretical
analyses of these reactions with predictions of their reaction rates under flame conditions, which

will be very helpful in future modeling analyses of these systems.

We also added reactions involving the diphosphorus oxide compounds P03, P2O4 and

P>0Os5, which have relatively strong bond-dissociation energies of 77, 74 and 92 kcal/mol,

respectively (see Table I), to see if they play a role in the overall chemical kinetics. The entire

hydrocarbon and OPC reactions mechanism can be obtained electronically from the authors.

Results and Discussion

The new kinetic model, with updated thermochemistry, was used to calculate the
structures of the lean and rich propane flames, with and without 1200 ppm TMP in the unburned
gases. For all of the flames, the computed results for the major reactant and product species and
the spatial extent of each flame were in excellent agreement with the experimentally observed
values, as shown in Figures 1 and 2.

Computed species mole fractions are shown together with the experimental values of the
P-bearing species for the lean and rich inhibited flames in Figures 3 and 4. Overall agreement
between experimental and computed values is very good for all of the species in the lean flame.

However, there are significant disparities between the model results and experimental data in the
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rich flame. To ensure that all possible P-bearing species were included, we included the P03,

P>04 and P05 species within the model. We found that their concentrations were insignificant

(several orders of magnitude smaller than the PO, PO, and PO3 species), in both the lean and

rich flames. Thus the diphosphorus species cannot account for the discrepancies in the rich
flame. The low concentrations of the diphosphorus species is due to the high product
temperatures and the low partial pressures of the phosphorus oxides. At higher dopant
concentrations and flame pressures, the diphosphorus species could become important.

We find in the model that the POxHy species reach their thermochemical equilibrium
values at large distances from the burner. The good agreement between theory and experiment
in the lean flame (Fig. 3) appears to validate the new thermochemistry for the POxHy species
predicted by the BAC-G2 method (Table I). However, the agreement for the rich flame (Fig. 4)
is not very good. At large distances from the burner, we expect the POxHy species ratios to be at
their thermodynamic equilibrium, not depending on the reaction mechanism. Given this good
agreement for the lean flame, we believe the modeled ratios of the POxHy species to be more
reasonable, since the model uses the same thermochemistry for both flames. On the other hand,
the modeling results for the POxHy species profiles in the region near the reaction zone are quite
sensitive to slight modifications in the reaction mechanism. Thus the shapes of the computed
profiles near the reaction zone could be incorrect. Further studies, both of the experimental
profile measurements and of the computational reaction mechanism, must be carried out to
determine the casue of the discrepancy.

To further understand the nature of the P-bearing species with respect to the inhibition

mechanism, we also considered other OPCs. A recent study [40] showed that many different

12



organophosphate compounds are approximately equal in inhibition effectiveness for hydrocarbon
flames. This is illustrated in Figure 5, which shows the relative reductions in burning velocity
from addition of other inhibitors to a stoichiometric propane/air mixture. Burning velocity
reductions produced by other OPC additives, many of them including F atoms in addition to P

atoms (one of them is shown in Fig. 5) were very similar to the purely OPC results shown here.

These results are compared to the reduction in burning velocity produced by addition of CF3Br,

which is clearly much less effective than any of the OPC additives, and the inhibition produced
by addition of iron pentacarbonyl, which is much more effective.

To investigate the reasons for the inhibition similarities of the different OPCs, we

modeled the same propane/Oy/Ar flames but used DMMP as the dopant rather than TMP. The

resulting P-bearing species profiles in the DMMP-doped flames are compared with those from
the TMP-doped flames in Figures 6 and 7 for the lean and rich flames. The similarities in the P-
bearing species mole fractions in these flames are striking. In both the lean and rich pairs of

flames, both additives are consumed at exactly the same rates, and the levels of PO2, HOPO and

HOPO> are also effectively equal in the two flames and eventually reach exactly the same

equilibrium levels in the burned gases.

These similarities are perhaps unexpected, since TMP decomposes primarily to produce

HOPOj, while HOPO is the primary product of DMMP (see Figs. 5 and 6 of [12]). Yet in spite

of the differences in the initial decomposition products of the OPCs, both inhibited lean flames

show the predominant formation of HOPO», while the rich flames show the predominant

formation of HOPO. The slight differences in Figs. 6 and 7 between TMP- and DMMP-
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inhibited flames represent the residual effects of the different decomposition products of the

inhibitor. These differences disappear quickly as the catalytic recombination reaction cycles

rapidly equilibrate the relative levels of PO, HOPO and HOPOj. The relative levels of these

OPCs in the products is determined by their equilibrium constants and the overall equivalence
ratio in the flame, not by the structure or composition of the OPC additive.

These computations demonstrate clearly that the flame inhibition kinetics for both

additives depend on the reactions and thermochemistry of HOPO, HOPO7, PO7 and other small

species, and not on the details of the molecular structure of the initial organophosphorus
compound. The core inhibition mechanism for all of these compounds in Fig. 5 is the same set
of catalytic recombination cycles of reactions, and the only major distinction between different
organophosphate inhibitors appears to depend on how rapidly these catalytic cycles are
established in a given flame. The different inhibitors in Fig. 5 have different hydrocarbon

contents, and this will have a minor influence on their inhibition efficiencies because their

different C/H/O compositions can affect the equilibrium between HOPO and HOPO3, and

additional components such as F atoms will also have minor influences on inhibition efficiencies.
However, as shown in Fig. 5 and illustrated in Figs. 6 and 7, the primary inhibition mechanisms

for all of these organophosphorus compounds are exactly the same. As noted above, the flames

with TMP additive initially generate HOPO7, while DMMP initially produces HOPO, yet both

inhibit the propane flames nearly identically because of the very rapid interconversion of the

small P-containing species.
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The coupling between HOPO and HOPO7 is dominated by the same reactions that are

responsible for the flame inhibition. The basic inhibitor reactions catalytically convert HOPO»

and HOPO into PO7 via the consumption of H, OH and O and then back to HOPO7 and HOPO

via the consumption of OH and H. The net reactions in each case are the conversion of radicals

H, OH and O into HpO and Hp, thereby reducing the radical pool available to propagate the

flame. The dominant cycles of inhibition can still be represented by reactions 1 and 2 but they

should be viewed as global reactions involving multiple pathways, with chemically activated

intermediates such as PO(OH); and HPO(OH)O that may be collisionally stabilized during

individual trips through the cycles. Since both cycles share the same PO; intermediate catalytic

species, it is not at all surprising that HOPO7 and HOPO are quickly interconverted as shown in

Figs. 6 and 7. The resulting inhibition mechanism can be summarized by a generalization of the

original Twarowski model:

H+ POy +M - HOPO + M (1a)
HOPO + H - Hy + PO» (1b)
HOPO + OH > H,0 + PO, (1¢)
OH + POy +M > HOPO; +M (2a)
HOPO, +H > Hy0 + POy (2b)

HOPO; +H « HPO(OH)O ~ PO(OH), — H,0 +PO, (2b%)

HOPO; +H « PO(OH); - HyO +POj (2b”)

15



It should also be noted that we have discussed the complexity of reaction 2 where the second half
of that inhibition cycle takes place on a complicated potential energy surface. However, the
same situation applies to the other reactions 1a, 1b and 2a of the Twarowski reactions above. In
fact, in addition to a direct abstraction reaction, reaction 1c can take place on the same potential
energy surface as the second half of cycle 2, with the same overall products but with a different
input channel. We have also given most attention to the catalytic recombination reaction cycles
that produce water, but if H is replaced by other hydrocarbon radicals in these recombination

cycles, radical recombination can form methane, methanol and other stable species, which will

also result in flame inhibition. For example, when HBr is replaced by CH3Br as an additive,

flame inhibition reactions produce a net recombination reaction of CH3 + H = CHy, and the

same should be expected for OPC-catalyzed inhibition as well. Further experimental and kinetic

modeling work is needed to understand the intricacies of these reactions.

Conclusions

A study of flame inhibition in propane flames by organophosphorus compounds has been
carried out experimentally and numerically, with particular attention to variations in inhibition
between rich and lean conditions. Numerically, the mechanism by which the OPC acts under
different equivalence ratios was explored. Species profiles for the POxHy species, as well as the
OPC dopant were measured for TMP in both rich and lean propane flames. Comparisons of the
species profiles with numerical models gave excellent agreement for the lean flame. However,

discrepancies remain for the rich flame, and further work to resolve these discrepancies has been
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proposed. Overall, though, both the experiment and the modeling showed that the TMP

decomposed early in the flame, with HOPO7 becoming the dominant inhititor species in the lean

flame and HOPO becoming dominant in the rich flame. Flame speeds of propane flames with
different OPC additives showed very similar inhibition efficiency, and computational
comparisons between TMP and DMMP as inhibitors showed dramatically similar behavior.
New thermochemistry for the OPCs was calculated, using the BAC-G2 method, and new
reaction sequences were added, which improved agreement between experiment and calculation.
Although the same key catalytic cycles are observed for equivalence ratios of both ¢=0.9 and
@=1.2, there is a systematic variation in the details of the different catalytic reaction sequences
involved. These details can be incorporated into a more generalized form of the inhibition

reaction system originally postulated by Twarowski.
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Figure Captions

1.

Spatial variations of stable species in the lean (¢ = 0.9) propane flame. Symbols show
experimental data, curves are computed results.

Spatial variations of stable species in the rich (¢ = 1.2) propane flame. Symbols show
experimental data, curves are computed results.

Spatial variations of temperature and major P-bearing species in the lean flame doped
with 1200 ppm of TMP. Symbols show experimental data, curves are computed results.

Spatial variations of temperature and major P-bearing species in the rich flame doped
with 1200 ppm of TMP. Symbols show experimental data, curves are computed results.

Experimentally determined, normalized burning velocity of laminar, stoichiometric
propane/air flames due to addition of indicated additives.

Computed spatial profiles of major P-bearing species in the lean propane flame. Solid
curves are results in TMP-doped flame, dashed curves for DMMP-doped flame.

Computed spatial profiles of major P-bearing species in the rich propane flame. Solid
curves are results in TMP-doped flame, dashed curves for DMMP-doped flame.
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TABLE 1.
Enthal pies of formation ( H,° [kcal/mol] )for
phosphorus species, determined by various methods.

BAC-MP4 CBS BAC-G2 G3X2
Species [24] [38] (current work) [37]

PO -3.02 -7.8 -8.83 -9.0
PO, -67.6 -70.3 -71.3 -69.6
PO, -102.8 -107.5 -107.5
HOPO  -108.0 -112.4 -111.8 -112.3
HOPO, -165.0 -171.4 -171.9 -170.5
PO[OH], -154.7 -157.9 -158.8
HPO -18.0 -22.6 -23.0
HPO, -97.1 -101.5
P,0O, -147.2 -157.2
PO, -204.3 -217.0
P,Os -256.2 -271.3
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